To explore the sequence of metabolic, mechanical, and electrocardiographic (ECG) events during myocardial anoxia, isolated rat hearts were paced from the atrium. Anoxic and recovery periods were studied. Adenosine triphosphate (ATP) and creatine phosphate (CP) declined to 50% of control during the first minute and remained at that level for the 5-minute anoxic period. ATP and CP returned to control values after 10 and 20 seconds of recovery. Lactate and potassium efflux from the myocardium closely followed the highenergy phosphate changes. During anoxia, left ventricular systolic pressure increased initially, then fell below the control level after 2 minutes, and recovered within 20 seconds of reoxygenation. In catecholamine-depleted hearts, it fell immediately with anoxia, and recovery was incomplete. The conduction time for the pacing stimulus to reach the ventricle increased with anoxia and decreased with reoxygenation. S-T alterations in the ECG also lagged behind high-energy phosphate reduction and recovery.
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• Myocardial hypoxia is associated with rapid reductions of high-energy phosphate compounds (1, 2) . Since these compounds are the energy source for the contractile process and for maintenance of the normal transmembrane electrical potential in muscle (3, 4) , it has been assumed that hypoxic heart failure and ECG changes may reflect deficits in myocardial high-energy phosphate stores.
However, attempts to relate hypoxic and ischemic cardiac failure to high-energy phosphate deficits have been unsuccessful (5, 6) . Furthermore, although ischemic ECG abnormalities have been related to lactate and potassium efflux from the myocardium (7, 8) , studies on the effects of decreased cardiac perfusion on the ECG in isolated rat hearts indicate that hypoxic ECG changes may occur without detectable declines in high-energy phosphate compounds (9) . Those negative results in studies of hypoxic failure and ECG changes caused by low perfusion could have been due to the mild gradual hypoxia which may have produced high-energy phosphate changes that were not detected by the methods employed.
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Although metabolic, ECG, and mechanical consequences of hypoxia have been defined individually, it seemed important to attempt to delineate the relation between these events more clearly. Since ATP appears to be the direct energy donor for the electrical and mechanical function of muscle (4, 10) , clarifying the temporal relation between ATP levels and the electrocardiographic and mechanical changes induced by anoxia might provide insight into the biochemical significance of such easily obtained measurements of cardiac function. These correlations might have clinical significance.
To study these problems, isolated rat hearts were made anoxic by perfusion with solutions equilibrated with 95f N 2 -5% CO 2 . The ECG, left ventricular pressure, and high-energy phosphate compounds were studied. The results indicate that a reduction in high-energy phosphate is accompanied by a decline in contractile work, slowing of the rate of impulse propagation through the conduction system, and S-T changes in the ECG. These mechanical and electrical changes are reversed during repletion of high-energy phosphate. The S-T changes lag behind the high-energy phosphate changes during depletion and repletion of these compounds.
Methods
Hearts of fed, male Sprague-Dawley rats weighing 180 to 250 g were perfused retrograde through the aorta in a recirculating gravity-flow system. A modified Krebs-Henseleit buffer (11) containing 1.2niM calcium, 0.4mM sodium EDTA, and 5mM glucose was used. During control periods the perfusion medium was gassed with 95% O 2 -5% CO 2 , which maintained an oxygen tension above 550 mm Hg and a pH of 7.4. For anoxic experiments, the same medium was gassed with 95% N 2 -5% CO 2 . The temperature of the perfusion medium was kept at 37°C as it entered the heart.
The procedures for removal of the heart and mounting it on the apparatus were similar to those described previously (12) . The heart was first perfused at 25°C for 2 minutes with the modified buffer, which did not contain glucose.
The perfusion apparatus was arranged with the gravity-flow reservoirs 100 cm above heart level. Perfusion for prolonged periods with this apparatus causes some cardiac edema (13) , and with the current experimental design, ratios of dry to wet heart weight at the end of the procedure averaged 0.176 in 16 hearts. Rat hearts prior to perfusion have ratios of 0.231. There were two parallel perfusion systems, either of which could be alternately switched into the perfusion line by a stopcock just above the aortic perfusion cannula. The effluent from the heart similarly could be switched into its appropriate reservoir. Perfusion flow rates were monitored by flowmeters of the purge type inserted between the gravity reservoir and the heart. Electrocardiograms were monitored with bipolar electrodes inserted in the buffer bath surrounding the ventricles. This buffer bath was kept at a constant level by an overflow drain. Left ventricular pressures were monitored through a 17-cm polyethylene-90 catheter inserted through the mitral valve and attached to a Statham P23Gb strain gauge. The system had a frequency response of 21 cps. In some experiments the maximal' rate of left ventricular pressure rise (dp/dt) was recorded with a differentiating channel on an Electronics for Medicine photographic recorder. The time constant for the differentiating circuit was 0.5 msec, and the response was linear within 5% from 1 to 57 cps. Most tracings were recorded on a Sanborn 150 direct-writing recorder.
In hearts perfused with 2.6mM calcium, fluid accumulates in the left ventricular chamber and is ejected through the aortic valve (14) . This fluid comes either from thebesian flow or from aortic regurgitation. If aortic regurgitation is present, it is not of sufficient magnitude to cause a rise in the left ventricular end-diastolic pressure during periods of asystole lasting several seconds. With the reduced calcium content of the perfusion medium in the present experiments there was no ejection of fluid from the left ventricle into the aorta, and therefore no external cardiac work was performed. Although mitral regurgitation was not excluded in the current experiments, progressive mitral regurgitation was not evident, since the left ventricular pressures in control hearts were stable.
To avoid bradycardia during anoxia, hearts were paced through a platinum wire attached to a Grass SD5 stimulator. This was placed on the right atrium, which was stimulated at rates sufficient to accomplish atrial capture. The pacing rate used in different hearts was between 320 and 340 beats/minute. This did not alter the QRS-ST-T morphology. The DC stimulus had an amplitude of 4 volts and a duration of 4 msec. After the 2-minute perfusion with the glucosefree buffer, the hearts were perfused for 15 minutes aerobically. Pacing was begun after 10 minutes of control perfusion. At 15 minutes, control perfusion was continued for 6 more minutes (paced control) or N 2 -equilibrated solution was switched in for periods up to 5 minutes. In some hearts, O 2 -equilibrated solution was reintroduced after 5 minutes of anoxia and the heart was allowed to recover (O 2 recovery). In four hearts the levels of potassium were measured in the entering and effluent perfusion medium during anoxia and recovery. The medium was not recirculated for these experiments, and the effluent was collected with a fraction collector at 15second intervals. To exclude the inotropic effects of endogenous catecholamines, we perfused seven 
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hearts from rats treated 24 hours earlier with reserpine, 5 mg/kg, ip. This dose depletes ventricular norepinephrine (15) . In three experiments with untreated hearts, propranolol 10~5M was included in the perfusion medium to block beta receptors. Each experiment was terminated by clamping the perfused beating heart in aluminum alloy clamps cooled to the temperature of liquid nitrogen. The clamped heart was approximately 1.5 mm thick. The frozen hearts were placed in liquid nitrogen. Perchloric acid extracts were prepared as described previously (12) . The dry weight of the precipitated protein was used as the dry heart weight (12) . Results were expressed per g dry weight because the myocardial content of water increases in hypoxia (16) .
Adenosine triphosphate (ATP) and creatine phosphate (CP) were determined by the methods of Lamprecht, Stein, and Trautschold (17, 18) . Adenosine diphosphate (ADP) and adenosine monophosphate (AMP) were determined by the method of Adam (19) . Inorganic phosphate (Pj) was determined by the method of Lowry and Lopez (20) . Lactate and pyruvate in the cardiac extracts and in the perfusion medium were measured by the methods of Hohorst (21) and Segal et al. (22) . Potassium was analyzed by flame photometry using lithium as an internal standard. P values were determined with analysis of variance using interaction when comparing paired means. Figure 1 demonstrates the effects of anoxia on paced perfused hearts from untreated rats. There was a marked increase in perfusion flow rate during the first minute, indicating a proportional decline in coronary vascular resistance, which occurred while contractile force of the left ventricle was increasing; therefore it was probably due to coronary vasodilatation associated with the anoxia. The increased flow persisted during anoxia. The flow rate at 5 minutes was slightly less than after 2 minutes of anoxia (P<0.05). During O 2 recovery there was a decline in flow rate in each heart, which was significant at 30 seconds (P<0.05). Left ventricular systolic pressure (LVSP) after 15 minutes of control perfusion for the control group was 32 mm Hg and for the anoxic group 36 mm Hg (P>0.2). LVSP increased significantly and reached a peak about % minute after the start of anoxia (P<0.05). The LVSP then fell and remained fairly stable near control values until 2 minutes, and then continued to decline for the remainder of anoxia. Maximum dp/dt, recorded in five paced hearts, rose with the LVSP but fell more slowly than LVSP during the first minute. Maximum dp/dt remained slightly higher than its control level when the LVSP had returned to the control level after 1 to 2 minutes of anoxia.
Results
With O 2 recovery, LVSP always began to rise within 10 seconds and was usually back to the control level after 20 seconds. If the experiment was prolonged, LVSP usually increased to levels in excess of the control value.
The changes in LVSP for hearts from reserpine-treated rats are shown in Figure 2 . The control LVSP for this group was 36 mm a. Left ventricular systolic pressure (LVSP) changes in hearts from reserpinized rats. LVSP began to decline 2 seconds after switching to anoxic medium (N t paced).
Circulation Research, Vol. XXUI, October 1968 Hg. In six of seven hearts, LVSP began to decline within 2 seconds of switching to N2, suggesting that the early rise and slow fall in LVSP seen in untreated hearts is due to release of endogenous catecholamines during anoxia. During recovery some increase of LVSP occurred during the first 30 seconds in all hearts; however, this was variable. LVSP rose more gradually over 2 minutes of recovery in the two hearts studied during this period. Five hearts from reserpine-treated rats infused with norepinephrine, 4 X 10~9 moles/ minute, during the first minute of anoxia exhibited mechanics identical with those seen in hearts from animals not given reserpine. Hearts perfused with medium containing propranolol acted similarly to reserpinetreated hearts. Directional changes in left ventricular dp/dt were the same as LVSP in reserpine-treated hearts.
There was progressive prolongation of the interval between the stimulus and the onset of the QRS (S-R interval) in paced untreated hearts during anoxia (Fig. 1) . The S-R interval decreased significantly with 30 seconds of Oo recovery. In a few hearts, more advanced heart block occurred, ranging from occasional nonconducted stimuli to almost complete block. Figure 3 demonstrates that this block occurred in the atrium or conduction system, for when block was present, capture could be effected by pacing the ventricle with the same stimulus that was blocked at the atrial level. If heart block was present during anoxia, this was reduced or abolished within 5 seconds of the reinstitution of O 2 recovery. Changes in perfusion flow rates and the S-R interval in the catecholamine-depleted hearts were similar to those in hearts with intact norepinephrine stores. Figure 4 shows the effects of anoxia and O 2 recovery on myocardial ATP, CP, and lactate; Table 1 shows the significant values for these substances. High-energy phosphates declined rapidly during the first / •> minute to about 50% of control. The content of these compounds did not change significantly after 80 seconds of N2, indicating that glycolysis Complete atrioventricular block after 5 minutes of pacing during anoxia. When the atrium was paced, only one stimulus was conducted. When the ventricle was paced with the same stimulus rate, amplitude, and duration, 1:1 conduction was present. Time lines below the baseline are at 1-second intervals.
had increased sufficiently to maintain their levels anaerobically (23) . The reciprocal form of the lactate curve fits this interpretation. During O 2 recovery there was a significant increase in CP at 5 seconds and in ATP at 10 seconds. ATP was back to normal in 10 seconds and CP in 20 seconds. The maximal rate of reaccumulation of high-energy phosphate occurred between 5 and 10 seconds and averaged 4.3 /mioles/g/sec. De-tailed studies of changes in ADP, AMP, and inorganic phosphate were not performed during anoxia. The results of analysis of these substances after 5 minutes of anoxia and during O2 recovery are shown in Figure 5 . The sum of adenine nucleotides was the same in hearts analyzed after 5 minutes of anoxia or after O 2 recovery. Figure 6 shows the effect of anoxia and O 2 recovery on potassium balance and lactate 
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output by the rat heart. Potassium output increased sharply during the first minute of anoxia and then declined gradually (but not significantly) until the start of O 2 recovery. Within a half minute of the return of O 2 , transient but significant uptake of potassium occurred (P<0.05). Myocardial lactate production was very low during the control period and similar to that previously reported for hearts perfused with 5 mM glucose in a medium containing no lactate (12) . During anoxia and O 2 recovery, lactate output mirrored the myocardial lactate curve (Fig. 4) , except that lactate output declined after 2 minutes of anoxia, while myocardial lactate remained constant. During anoxia, ratios of lactate to pyruvate in the effluent perfusate reached values ranging between 33 and 78 to 1. The electrocardiograms usually showed no significant S-T alterations during the first 3 minutes of anoxia. Only 4 of 25 hearts had S-T alterations as early as 1 minute. After 4 minutes, the ECG always showed S-T deviations when 1 : 1 pacing was maintained. When block occurred, the S-T segment was either normal or only slightly abnormal. S-T depressions and elevations occurred with equal frequency in these experiments. The QRS amplitude remained the same or diminished slightly during anoxia. Figure 7 shows a control heart, and Figure 8 a heart exposed to N 2 for 3 minutes. the QRS voltage but no significant alteration of the S-T segment. Figure 9 shows a heart in which S-T elevations occurred after 3 minutes of N L ». The high-energy phosphate levels in In hearts without O 2 the S-T alterations appeared to be rate sensitive. When S-R block Circulation Research, Vol. XX1I1, October 1968 occurred, abnormalities of the S-T segment were not marked, but when 1:1 conduction was present, S-T abnormalities were pronounced. Figure 10 shows a heart in which S-T elevations were present with 1: 1 conduction after 3 minutes of anoxia. With 2 : 1 conduction after 5 minutes of No, the S-T segments were normal. In this heart the S-T segments became elevated when 1 : 1 conduction resumed during O 2 recovery.
The only ECG change is slight diminution of
Metabolic Values in Paced Hearts
Discussion
Several aspects of the experimental design in the present study may affect the interpretation of our results. The unphysiologically low calcium in the perfusion medium was used to avoid ventricular ejection and external cardiac work, but since the relation of oxygen utilization to contractile work is retained in hypocalcemic hearts (24) , it is probable that the temporal relation between ATP reduction and decreased contractility in normocalcemic and hypocalcemic hearts is qualitatively similar. Then, alterations in LVSP may not indicate comparable changes in wall tension and internal cardiac work. Measurements of the cardiac diameter indicated that there was less than 10% increase in the diastolic radius during anoxia, and there was return toward the control size during recovery. With a 10% increase in diameter, LVSP must decline 21% before tension falls, but since LVSP fell 55% during anoxia and recovered fully with reoxygenation, the net changes in LVSP in these experiments indicated similar directional alterations in tension.
The experimental conditions imposed were an abrupt reduction of oxygen tension from greater than 550 to 0 mm Hg and an abrupt return to the control value. It is likely that all myocardial cells were profoundly affected. This design may account for the more rapid changes in high-energy phosphate compounds than have been reported by others (1, 2) . It is possible that with oxygen tension changes in the physiologic range the temporal relationships between alterations in ATP levels and mechanical or ECG events might differ from those we observed with extreme alterations in oxygen tension.
The levels of CP we found in perfused hearts are lower than previously reported invivo levels (25) . However, the levels of ATP we found are within normal limits for the rat (25, 26) . Since ATP is considered to be the direct energy donor for contractile and electrical events (4, 10) , and CP is considered to serve a reservoir function, the relation of ATP levels to the ECG and mechanical changes should not be affected by a modest reduction in CP.
The early increase in LVSP in anoxic hearts despite a constant perfusion pressure is of interest. Anoxia induces the release of noradrenalin from isolated hearts (27) . That this is the major cause for the anoxic rise in LVSP is supported by the absence of this rise in hearts from reserpine-treated rats or when hearts are perfused with Kh s M propranolol. Penna et al. (28) found that reserpine treatment decreased but did not abolish the hypoxic augmentation of contractility in cat papillary muscles. The difference between their results and ours may be due to the lower dose of reserpine (2 mg/kg) in their experiments and to the difference in the preparations studied. Thus, although anoxia appears to decrease contractility, the release of catecholamines initially masks this effect, and this suggests that the heart in which ATP and CP levels are declining can still respond to the positive inotropic action of catecholamines. Since LVSP declined immediately with anoxia in hearts from reserpine-treated rats, the fall is probably not due to reduced levels of ATP. This finding with analysis of the whole myocardium accords with previous studies in ischemic and hypoxic heart failure which demonstrated declines in contractile function before subepicardial levels of highenergy phosphate compounds decline (5, 6) . Improvement in the LVSP during O2 recovery occurred with a time course that was similar to high-energy phosphate repletion. It has previously been suggested that highenergy phosphate production rate is more important in determining mechanical function than is its absolute level (1).
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The lag of S-T alterations behind the highenergy phosphate changes in the current experiment is consistent with the previous observations that ischemic ECG alterations may not occur simultaneously with declines in myocardial oxygen tension or lactate production by the heart (7, 29) . It has been reported that the timing of potassium efflux correlates well with the onset of ischemic ECG alterations (8) but in the present studies the onset of potassium efflux preceded S-T alterations. The lag in ECG alterations behind changes in ATP is consistent with the interpretation that they are causally related but does not exclude other factors independent of ATP. Other metabolic changes might be more directly involved, such as intracellular acidosis, accumulation of glycolytic intermediates, or markedly depressed intracellular potassium levels. The time lag may represent the duration required for these factors to reach critical states. The experiments do indicate that high-energy phosphate stores can be significantly depressed without evident S-T alterations in the ECG.
In most studies of hypoxic electrocardiographic changes, myocardial ischemia is produced (7, 8, 29) , and heterogeneous perfusion and oxygenation of the myocardium may occur. Therefore, with reduced flow, localized areas with depressed ATP stores in ischemia might lead to the early ECG changes that have been observed (9) . However, in our experiments the hypoxic and metabolic changes were presumably more uniform, and this uniformity may have been partially responsible for the delay in ECG alterations.
The possibility must be considered that our system for recording electrocardiograms was not sufficiently sensitive to detect the early changes we were seeking. This is unlikely since the electrodes were adjacent to the ventricles, and in previous experiments with the same system in our laboratory, early ECG alterations were detected when an acute decrease in perfusion pressure and flow was imposed (9) .
Prolongation of the stimulus to QRS conduction time was a consistent finding in Circulation Research, Vol. XXIII, October 1968 anoxic hearts. This finding suggests that the electrical properties of the specialized conducting tissues of the heart may be more sensitive to changes in high-energy phosphate stores than are the electrocardiographic properties of the mass of muscle cells. The rapid improvement in conduction during O 2 recovery suggests that this function is highly sensitive to high-energy phosphate balance.
Others have reported that the rate of recovery of high-energy phosphate compounds after hypoxia is slower than we observed (1, 2) . In the present studies the periods of anoxia were brief, so that there probably was no appreciable deamination of adenine. The return to full oxygenation was completed instantaneously, and with a perfusion medium containing oxygen at near maximum atmospheric tension. Under these conditions the rapid recovery of all the metabolic, ECG, and mechanical variables that were measured indicates the ability of the heart to withstand periods of anoxia without permanent damage.
